Abstract. Despite the importance of agriculture in California's Central Valley, the potential of alternative management practices to reduce soil greenhouse gas (GHG) emissions has been poorly studied in California. This study aims at (1) calibrating and validating DAYCENT, an ecosystem model, for conventional and alternative cropping systems in California's Central Valley, (2) estimating CO 2 , N 2 O, and CH 4 soil fluxes from these systems, and (3) quantifying the uncertainty around model predictions induced by variability in the input data. The alternative practices considered were cover cropping, organic practices, and conservation tillage. These practices were compared with conventional agricultural management. The crops considered were beans, corn, cotton, safflower, sunflower, tomato, and wheat. Four field sites, for which at least five years of measured data were available, were used to calibrate and validate the DAYCENT model. The model was able to predict 86-94% of the measured variation in crop yields and 69-87% of the measured variation in soil organic carbon (SOC) contents. A Monte Carlo analysis showed that the predicted variability of SOC contents, crop yields, and N 2 O fluxes was generally smaller than the measured variability of these parameters, in particular for N 2 O fluxes. Conservation tillage had the smallest potential to reduce GHG emissions among the alternative practices evaluated, with a significant reduction of the net soil GHG fluxes in two of the three sites of 336 6 47 and 550 6 123 kg CO 2 -eqÁha À1 Áyr À1 (mean 6 SE). Cover cropping had a larger potential, with net soil GHG flux reductions of 752 6 10, 1072 6 272, and 2201 6 82 kg CO 2 -eqÁha
Abstract. Despite the importance of agriculture in California's Central Valley, the potential of alternative management practices to reduce soil greenhouse gas (GHG) emissions has been poorly studied in California. This study aims at (1) calibrating and validating DAYCENT, an ecosystem model, for conventional and alternative cropping systems in California's Central Valley, (2) estimating CO 2 , N 2 O, and CH 4 soil fluxes from these systems, and (3) quantifying the uncertainty around model predictions induced by variability in the input data. The alternative practices considered were cover cropping, organic practices, and conservation tillage. These practices were compared with conventional agricultural management. The crops considered were beans, corn, cotton, safflower, sunflower, tomato, and wheat. Four field sites, for which at least five years of measured data were available, were used to calibrate and validate the DAYCENT model. The model was able to predict 86-94% of the measured variation in crop yields and 69-87% of the measured variation in soil organic carbon (SOC) contents. A Monte Carlo analysis showed that the predicted variability of SOC contents, crop yields, and N 2 O fluxes was generally smaller than the measured variability of these parameters, in particular for N 2 O fluxes. Conservation tillage had the smallest potential to reduce GHG emissions among the alternative practices evaluated, with a significant reduction of the net soil GHG fluxes in two of the three sites of 336 6 47 and 550 6 123 kg CO 2 -eqÁha À1 Áyr À1 (mean 6 SE). Cover cropping had a larger potential, with net soil GHG flux reductions of 752 6 10, 1072 6 272, and 2201 6 82 kg CO 2 -eqÁha
À1

Áyr
À1
. Organic practices had the greatest potential for soil GHG flux reduction, with 4577 6 272 kg CO 2 -eqÁha À1 Áyr À1 . Annual differences in weather or management conditions contributed more to the variance in annual GHG emissions than soil variability did. We concluded that the DAYCENT model was successful at predicting GHG emissions of different alternative management systems in California, but that a sound error analysis must accompany the predictions to understand the risks and potentials of GHG mitigation through adoption of alternative practices.
INTRODUCTION
Agriculture is an important source of biogenic greenhouse gases (GHGs), especially in intensively managed systems (Cole et al. 1993) as found in the Central Valley of California, USA. Bemis et al. (2006) estimated that in California, 8% of the total GHG emissions originated from agriculture and forestlands. Alternative management practices, such as winter cover cropping (i.e., growing a second crop during the winter that is incorporated in the spring), conservation tillage (i.e., reducing the intensity of soil disturbance operations), or organic agriculture (here defined as replacing inorganic fertilizers by manure, cover crop residues, and compost), have been proposed to reduce agricultural GHG emissions significantly below baseline levels and even to convert agricultural systems into net GHG sinks (McCarl and Schneider 2001) . The latter opens the opportunity for farmers to actively participate in a carbon credit market system (Pacala and Socolow 2004) . Before such a market system can be established, however, a detailed analysis of the GHG emission reductions from alternative management practices and the associated uncertainties is necessary. Such an analysis was, until now, not available for cropping systems in the Central Valley of California.
It is practically impossible to continuously monitor GHG fluxes across all possible permutations of crop rotations, management practices, soils, and microclimates within the Central Valley. Biogeochemical process models are useful tools to simulate gas exchange for 5 E-mail: steven.degryze@terraglobalcapital.com these different permutations (Del Grosso et al. 2006 ). These models have been used successfully to predict changes in soil C at the field scale (Paustian et al. 1997) . Nevertheless, the successful performance of these models is strongly dependent on whether they were calibrated for the specific environmental conditions of the systems under investigation. In a comparative analysis of the performance of nine different ecosystem models to simulate seven long-term field sites, Smith et al. (1997) concluded that model performance was strongly dependent upon (1) whether the models were developed for soils and conditions similar to the tested field sites and (2) how well they were calibrated for the site studied. Similarly, Campbell et al. (2001) concluded that both EPIC and CENTURY, two commonly used ecosystem models, were unable to satisfactorily predict long-term soil organic C (SOC) changes associated with different management practices in conditions in southern Saskatchewa, Canada, when no site-specific calibration was conducted. No biogeochemical process model has been calibrated specifically for the conditions and practices in the Central Valley. Even though results from biogeochemical models are typically presented without quantification of the uncertainty around the estimates, valid model-based inferences are not possible without an estimate of the accuracy of predictions (Ogle et al. 2006) . The errors associated with model estimates originate from either variation within the input data or from the limited representation of the mechanisms within the model (Ogle et al. 2006) . The first source of uncertainty is classically quantified by performing multiple model runs while varying input variables. For example, in a Monte Carlo analysis, hundreds of simulation runs are carried out in which the input variables are varied randomly based on their probability density function (Saltelli et al. 2000) . The second error is assessed by confronting modeled and measured data.
The aims of this study were (1) to calibrate and validate the DAYCENT model for conventional and alternative management practices at four experimental sites in California's Central Valley, (2) to estimate net GHG fluxes in these systems, and (3) to quantify the uncertainty around model predictions due to variability of input parameters and a limited model representation of the cropping systems studied.
MATERIALS AND METHODS
Model description
The DAYCENT model is the daily time step version of the well-known CENTURY biogeochemical process model (Parton et al. 1987 , 1994 , Metherell et al. 1995 . DAYCENT was developed to simulate ecosystem C and nutrient dynamics and trace gas fluxes. It includes submodels for nitrification and denitrification (Parton et al. 1996 , Del Grosso et al. 2000 , CH 4 oxidation (Del Grosso et al. 2000) , as well as soil water and temperature (Parton et al. 1998) . It is a fully resolved biogeochemical process model simulating the major processes that affect soil organic matter (SOM), such as plant production, water flow, nutrient cycling, and decomposition. The model simulates SOM C and N stocks, which are represented by two plant litter pools (i.e., structural and metabolic litter) and three SOM pools (i.e., active, slow, and passive SOM). These SOM pools are explicitly defined by their turnover time: 1-5 years for the active pool, 20-40 years for the slow pool, and 200-1500 years for the passive SOM. Nutrient fluxes between pools are further controlled by rate modifiers dependent upon moisture, temperature, soil texture, and soil tillage. The crop submodel simulates crop dry matter production and yields as a function of light and temperature. The crop submodel also simulates the influence of biomass on the soil microenvironment (moisture, temperature, and nutrients) and the amount and quality of crop residues returned to the soil after harvest. A variety of management options may be specified including crop type, tillage, fertilization, manure and organic matter addition, planting, harvesting (with variable residue removal), drainage, and irrigation.
Site descriptions
The (Chen et al. 1995) .
The LTRAS experiment includes 10 cropping systems (treatments), but here we focused on the three field corn (Zea mays L.) and tomato (Lycopersicon esculentum var. ''Halley'') rotations: (1) conventional management (using chemical fertilizer and pesticides; CCT); (2) a system consisting of a legume cover crop preceding unfertilized corn and followed by conventionally fertilized tomato (LCT); and (3) an organic system with poultry manure amendments, no chemical fertilizer, and a legume cover crop grown in the winter of each year (OCT). The experiment is completely randomized; each of these treatments is replicated three times on 0.4-ha plots. Each crop in the two-year system is present each year. Tomatoes grown under CCT and LCT were fertilized with 45 kg N/ha at transplanting and 100 kg N/ha as a side-dress application. In the CCT system, corn received 45 kg N/ha pre-plant and 160 kg N/ha as a side dress. The cover crop used as a green manure in the LCT and OCT systems was sown as a mixture of 24% pea (Pisum sativum L.) and 76% common vetch (Vicia sativa L.) by seed mass. Initially, the CCT treatment used a corn variety that matured in ;185 days (Pioneer 3162), whereas the LCT and OCT treatments used a short-season corn variety that is planted later and matured in ;150 days (NC þ 4616). Since 2003, a single corn cultivar (ST 7570) has been used to accommodate direct comparisons between standard and conservation tillage subplots. Details of the experiment and yields from the first nine years of the experiment are presented in Denison et al. (2004) . More recent results are reported in Kaffka et al. (2005) and Mitchell et al. (2007a) . Soil C data were collected for all plots at the inception of the trial in fall 1993 and occasionally thereafter (in 1995, 1998, 1999, 2003, and 2004) (Kong et al. 2005) . From 2003, each of the 0.4-ha plots were split into a standard tillage half and a conservation tillage half. Daily weather data were available from the on-site weather station.
The SAFS experiment. For three different cropping systems, sufficient input data were available for modeling purposes: (1) a conventionally managed system under a four-year tomato (var. Brigade), safflower (Carthamus tinctorius L.), corn, wheat (Triticum aestivum L.), and common bean (Phaseolus vulgaris L.) rotation, (2) a four-year cover cropped system under the same crop sequence as the former system, but with legume cover crops preceding each summer crop, and (3) a two-year conventionally managed system under a tomato and wheat rotation. The cover crop was a mixed culture of oat (Avena sativa L.) and purple vetch (Vicia benghalensis L.), which was either harvested for hay or incorporated as a green manure. Fertilizer application rates varied throughout the experiment. Across all years, an average of 166 kg NÁha À1 Áyr À1 was applied as fertilizer in the four-and two-year rotation, conventionally managed treatments, compared to 42 kg N/ha annually in the cover-cropped treatment. Additional details of the experimental design are described in Clark et al. (1998) . Soil C was measured in 1988 , 1993 (Doane et al. 2003 , Doane and Horwath 2004 . Daily weather data were available from the California Irrigation Management Information System (CIMIS) station in Davis.
The WSREC experiment.-The University of California West Side Research and Extension Center (WSREC) experiment in Five Points (36820 0 29 00 N, 12087 0 14 00 W) was designed to quantify the interactions of tillage intensity and cover cropping on soil and air quality. The study was conducted on a 3.2-ha parcel of Panoche clay loam (fine-loamy, mixed, supernatic, thermic Typic Haplocambids). Clay contents within the study area ranged between 25% and 35%, and sand contents ranged between 35% and 51%. The field experiment had four tomato (variety ''8892'') and cotton (Gossypium hirsutum L. var. ''Riata'') rotations comparing standard and conservation tillage practices with and without winter cover cropping. The cover crop used was a mixture of 30% Juan triticale (Tritosecal Wittm), 30% Merced ryegrain (Secale cereale L.), and 40% common vetch (Vicia sativa L.) (by mass) planted in the beginning of November and chopped mid-March. The standard tillage systems used tillage operations representative of California row crops to break down and establish new beds in the fall of each year. In contrast to the standard tillage systems, within the conservation tillage system beds were maintained for the duration of the experiment and field traffic was restricted to midseason cultivation within the furrows for weed control in the tomato systems and undercutting after the harvest in the cotton systems. In all treatments, cotton was fertilized with an initial 11 kg NÁha 0 W), in order to compare the effects of standard and conservation tillage on CO 2 and N 2 O efflux from soils. The site is identified as ''Field 74'' according to the grower's numbering system. Three soil series occur on the site: Myers clay (fine, montmorillonitic, thermic Entic Chromoxererts), Hillgate loam (fine, montmorillonitic, thermic Typic Palexeralfs), and San Ysidro loam (fine, montmorillonitic, thermic Typic Palexeralfs). The site has a shallow water table varying between 50 and 100 cm depth during the rainy season from late autumn to early spring. Clay contents ranged from 11% to 29%, and sand contents ranged from 22% to 45%.
The field was split into two halves of 16 ha, and sampling points were established across the field using a uniform grid with 64-m spacing. Soil properties (e.g., sand, clay, SOC, bulk density) were measured at all sampling points in Nitrous oxide fluxes were measured using nonsteadystate portable chambers (Hutchinson and Livingston 2002) in 3-15 plots during 51 (standard tillage) or 50 (conservation tillage) campaigns from November 2003 to August 2006. At each sampling point, between one and four samples were taken at positions in the middle of the seedbed, middle of the furrow, over the crop row between plants (during the growing season), and over the side-dressed band of fertilizer N. However, there was no consistent efflux pattern correlated with position across the seedbed (Lee et al. 2009 ); therefore, fluxes were averaged at each sample location. Daily weather data were available from the CIMIS station in Davis. Rainfall data were available from a tipping bucket pluviometer on-site.
Modeling approach
Historical runs.-The three SOM pools used in DAYCENT are conceptual. Therefore, their relative size cannot be experimentally measured and historical runs were performed to initialize the size of these pools at the start of the agricultural experiments considered. The historical runs represent the average history of land use and management in the Central Valley. Therefore, the history was identical for all experimental sites. The climate history and soil types, however, were based on the conditions of the individual experimental sites. We assumed five broad periods in the history of land use and management in the Central Valley: (1) native grassland (between 0 and 1869; run until equilibrium), (2) emergence of agriculture (between 1870 and 1920), (3) introduction of irrigation (between 1921 and 1949) , (4) introduction of inorganic fertilizer (between 1950 and 1969) , and (5) modern agriculture (from 1970). For the first period, a medium-productivity grassland with a mixture of annuals and perennials was simulated, with a growing season from November until the end of April. We included low-intensity grazing, affecting 10% of the live shoots and 5% of the aboveground dead biomass. The 1870 simulation years were sufficient to attain equilibrium in all modeled C pools. The average modeled C input to the soil at equilibrium was 165 6 13 g C/m 2 , which is 83% of the reported mean C input values of ;200 g dry matterÁm À2 Áyr À1 across grasslands in the Central Valley (Bartolome and McClaran 1992 , Valentini et al. 1995 , Potthoff et al. 2005 ). In the second period (the emergence of agriculture) we simulated a rain-fed, low-input winter wheat system with minimal disturbance of the soil and a fallow period every five years. In the third period (pre-modern agriculture), we introduced irrigation and gradually diversified the crops to include summer-grown corn. In the fourth period, inorganic fertilizer was introduced. We used historical records from the USDA to simulate the increase in the amount of fertilizer used between 1950 and 1969. During this period, we introduced tomatoes and increased the degree of soil disturbance. In the last period, between 1970 and 1996, we simulated a random wheat, corn, and tomato rotation with high-intensity tillage. Similarly to the period before, the increasing use of fertilizer was simulated based on historical records.
Model calibration and calculations.-We simulated all experiments from their date of establishment until the year 2006, except for the SAFS experiment, which was discontinued in 2000. All annual variations in management conditions, such as planting date, harvesting date, crop residue incorporation, and/or fertilizer amount, were represented in the simulations. The soil microclimate was verified against measured soil temperature and moisture contents (available at Field 74 and LTRAS in Yolo County). If necessary, parameters such as the saturated hydraulic conductivity, the volumetric water content at field capacity or wilting point, and the minimal soil water content were adjusted. Secondly, we verified the relative size of the live biomass compartments (roots, shoots, and harvestable portion) using published and measured root : shoot ratios, and harvest indices (ratio of harvestable part over total aboveground biomass). The C:N ratios of each of these biomass compartments were verified with measured and literature values. These values were confirmed with model results from the DSSAT/CERES plant growth models, using average climate and soil conditions of Yolo County (Jones et al. 2003) . Only after the modeled plant indices and ratios were correct, we adjusted the photosynthetic rate parameter to match the modeled harvestable biomass values with the recorded average yield data at the different sites. No site-specific adjustments to the crop parameterization were necessary, except for the maximal harvest index and maximal rate of photosynthesis in corn and tomato cultivars, which had to be adjusted to reflect the differences in the length of the growing season for the cultivars used across the sites.
Once the live biomass was simulated correctly, we checked the sizes of the dead biomass and litter layer compartments with measured data (at LTRAS and Field 74) and literature values. If necessary, parameters controlling root or shoot death were adjusted. Next, we verified soil C dynamics and adjusted the simulated tillage intensity until changes in soil C corresponded to those observed. Four different types of tillage events, decreasing in intensity, were needed to simulate the variety of tillage management practices in all the experiments considered: a standard tillage type, a conservation tillage type, a cover crop incorporation type, and a within-season cultivation type. Standard tillage was simulated by scheduling a high-intensity tillage pass before planting and one post-harvest. This single standard tillage pass scheduled in the model in fact represents multiple passes done by producers, including deep ripping, stubble disking, shallow disking, grading, and listing beds. During the growing season, all mechanical weed suppression was simulated by scheduling one within-season cultivation pass during the model run. To simulate conservation tillage, a lowintensity tillage pass in the spring and one post-harvest sufficed. The conservation tillage passes were 30% less intense than the standard tillage passes. In contrast to the conventional tillage system, no within-season cultivation pass was scheduled in the conservation tillage systems. For the cover-cropped treatments, one cover crop incorporation pass was scheduled in between the cover crop and main-crop growing seasons. It was necessary to reduce the impact of the cover crop incorporation type on SOM decomposition compared to the other tillage types.
Last, we verified modeled N 2 O fluxes with measured data. Daily N 2 O flux measurements were available for Field 74 (Lee et al. 2009 ). If necessary, specific parameters controlling soil moisture and parameters highly influencing N 2 O production (e.g., existence of a soil water table and minimal volumetric soil water content per layer) were further adjusted.
Within each experiment, we calculated the net soil GHG flux as
where GHG is the net soil GHG flux in megagrams of CO 2 equivalents (CO 2 -eq; the amount of (2001) were used. Uncertainty estimation, model performance, and statistical analysis.-For LTRAS, plot-level information of soil properties and crop management practices was available for each separate field replicate (n ¼ 3). Therefore, each plot was simulated individually, and we reported the standard deviation around the resulting estimated C and N fluxes of the different field replicates. For the other field experiments, no data on individual field replicates were used, only treatment averages and standard deviations. A Monte Carlo simulation approach was used for these sites to estimate variances for modeled results. We generated ;100 different input data files by randomly varying input parameters simultaneously using univariate normal distributions with averages and standard deviations from measured data. We then calculated the average and standard deviation of the modeled outputs based on each of these input data files.
The total mean square deviation was divided into different components according to Gauch et al. (2003): nonzero intercept (or squared bias), non-unity slope, and lack of correlation. These components have distinct and transparent meanings. The nonzero intercept (or squared bias) component represents the part of the total deviation due to a nonzero intercept in the relation between predicted and measured values; the non-unity slope component represents the part of the total deviation due to a slope difference; the lack of correlation component represents the contribution of the total deviation due to random scatter in both predicted and measured variates.
Annual GHG emissions were analyzed with a mixed-ANOVA model in which crop and tillage treatments (for LTRAS and WSREC) and their interactions were considered as fixed effects and year was considered as a random effect. In addition, year was also a repeatedmeasures variable with the plot replicate (at LTRAS) or the Monte Carlo replicate (at the other sites) as subjects (Littell et al. 2006) . The variance around annual emissions was partitioned by using the following model for individual GHG emissions:
where Y ijk is the annual GHG flux of treatment i, year j, and replicate k, l is the overall mean (fixed effect), a i is the mean of treatment i (fixed effect), w j is the influence of season j (random effect, mainly caused by weather variations), and e ijk is the residual of plot or Monte Carlo replicate k (random effect). The average of treatment i over all years and plots can then be expressed as
The variance around the treatment mean becomes 
RESULTS
Model validation
After calibration, modeled crop parameters were comparable with typical values found in the literature (Table 2) . Per crop and field site, mean yields were predicted reasonably well (Fig. 1) , with variations explained by the model ranging from 86% to 94% (Table 3 ). In addition, SOC was predicted well (Fig. 2) , with variations explained by the model ranging from 69% to 87%, except for Field 74 (Table 3) . Modeled yearly N 2 O fluxes per crop were in the same order of magnitude as the yearly fluxes reported in the literature (Table 4) .
For the LTRAS experiment, the model explained ;86% of the variation in measured yields, with most of this nonexplained variation coming from the lack of correlation (74%), indicating that no large bias existed (Table 3) . Within crops and across seasons and field plot replicates, yield predictions were accurate at LTRAS (Fig. 1) . In addition, the modeled variability in yields was in the same range as the measured variability. The DAYCENT model accounted for 69% of the variations in modeled SOC. Approximately 24% of the nonexplained variation was due to a non-unity slope, indicating that SOC levels were slightly overpredicted at higher SOC levels (Fig. 2) .
For the SAFS experiment, the model explained ;92% of the variation in yields; the 8% not explained came from the lack of correlation component (96%) (Table 3) . Again, the modeled variability in yields was in the same range as the measured variability (Fig. 1) . Approximately 83% of the variation in SOC content was predicted by the model. Similar to the LTRAS experiment, the nonexplained variation was partially due to a non-unity slope (21%), as well as a nonzero intercept (23%). The nonzero intercept indicates that SOC contents were slightly overestimated both at small and larger SOC levels, whereas the non-unity slope indicates that this bias was greater for larger SOC levels (Fig. 2) . For WSREC, 94% of the variation in yields was modeled. Again, the nonexplained variation was due to a lack of correlation (96%) ( Table 3 ). The modeled uncertainties around the predicted yields were approximately one-third the size of the measured variation in yields among field replicates (0.5 Mg/ha compared to 1.5 Mg/ha; Fig. 1 ). Generally, both modeled and measured variation in SOC contents were substantial, which is attributed to a limited number of SOC measurements on the cover-cropped treatments (Fig. 2) . In addition, we were not able to simulate the 30% increase in SOC due to conservation tillage across years in the conservation tillage and cover-cropped treatments of the WSREC experiment (Fig. 2) .
For the Field 74 experiment, 92% of the variation in yield was modeled; of the nonexplained variation, 91% was coming from a lack of correlation (Table 3) . However, the measured variation in yields was larger than the uncertainty around the modeled yields (Fig. 1) . No differences in either measured or modeled SOC were found across the seasons or treatments (Fig. 2) . Differences in means were well within the error range. Therefore, the portion of the variation in SOC explained was small (6%). Generally, the range in modeled average daily N 2 O fluxes at the Field 74 experiment was comparable to the range in measured daily fluxes ( (Fig. 3) .
Simulated greenhouse gas emissions and mitigation potentials
At the LTRAS site, no significant change in SOC levels was modeled for the standard and conservation tillage treatments (Table 5 ). However, SOC levels increased substantially when cover cropping or organic management were implemented, regardless of whether standard or conservation tillage was practiced. Annual N 2 O fluxes were smaller in the conservation tillage treatment than in the standard tillage treatment. Within both the standard and conservation tillage treatments, simulated annual N 2 O fluxes followed the order: cover cropped , organic , conventional. Methane fluxes among treatments followed a similar pattern as the N 2 O fluxes. In both standard and conservation tillage plots, the net soil GHG flux was greatest for the conventional treatments, without any cover cropping or organic management, smaller for the cover cropped and smallest for the organic treatments. Conservation tillage management did not significantly change the net soil GHG flux compared to standard tillage practices (Table 6) . Cover cropping decreased the net soil GHG flux by 1072 6 272 kg CO 2 -eqÁha À1 Áyr À1 . Organic management decreased the net soil GHG flux by 4577 6 272 kg CO 2 -eqÁha À1 Áyr À1 . Interannual differences among GHG fluxes accounted for ;40-70% of the total variance.
For the SAFS experiment, the cover-cropped treatment sequestered ;577 6 21 kg CÁha . Methane fluxes were similar in the conventional four-year rotation and covercropping treatments, but significantly smaller in the conventional two-year rotation. The net soil GHG flux for the cover cropping treatment, À2921 6 292 kg CO 2 -eqÁha À1 Áyr À1 , was smallest of the three treatments. 
DISCUSSION
Alternative agricultural management practices, such as conservation tillage, winter cover cropping, or organic farming, have been proposed as ways to reduce soil GHG emissions from cropping systems. Despite their potential for atmospheric GHG mitigation, these practices have been only very limitedly adopted by international carbon offset protocols and standards, mainly due to concerns about the large uncertainties around estimates of GHG mitigation potentials and cost of sound measurements. Biogeochemical models are the tool of choice to minimize measurement uncertainty in a cost-effective way and extrapolate results from a limited set of field experiments to a large geographical region with varying climatic conditions. However, calibrating a biogeochemical process model in California is challenging due to the great diversity of crops, cropping systems, microclimates, and soil conditions within the state. Because carbon trading could form a source of revenue for California farmers, an urgent need has emerged to collect data from agricultural experiments and employ these data to calibrate biogeochemical process models for California agriculture. We used data from a number of long-term field experiments to calibrate the DAYCENT model. The calibration sites encompass a wide range of management practices (standard and conservation tillage management, winter cover cropping, and organic farming) and crops (beans, corn, cotton, safflower, sunflower, tomatoes, and wheat). The soils and climatic conditions at the sites are representative of California's Central Valley. To retain the model as geographically widely applicable, the crop parameterization and model input files were kept as general as possible and non-site dependent. The calibration process was performed in a sequential manner. First, parameters related to soil temperature and soil moisture dynamics were adjusted based on temperature and moisture measurements outside of the growing season. Secondly, all biomass growth parameters were adjusted based on recorded yields and plant parameters found in the literature. Third, parameters related to decomposition of dead plant biomass were adjusted until measurements of the litter layer corresponded to modeled values. Fourth, parameters related to the impact of tillage on SOC decomposition were adjusted until measured changes in SOC corresponded with modeled changes in SOC. Last, some specific soil moisture parameters affecting N 2 O production were altered based on observed daily measurements of N 2 O fluxes. Although model calibration remains a subjective procedure, given the large number of parameters to be calibrated for the DAYCENT model and the often dual or ambiguous effects of changes in parameters, the sequential manner of calibrating model parameters minimizes this subjectivity.
The GHG flux changes calculated and reported in this study are net soil GHG fluxes and not comprehensive cropping system emissions. The latter would require a rigorous life cycle analysis that includes the accounting of emissions from manufacturing of farm inputs such as fertilizers or fuel use during farm operations. A life cycle analysis is, however, beyond the scope of the current paper.
After a careful calibration, the DAYCENT model predicted mean yields of most crops and sites satisfactorily. In contrast, the standard deviations around measured yields (based on field replicates) were underestimated by the model (quantified in a Monte Carlo analysis). The model underestimated the variability of yields for corn and wheat crops in the Field 74 experiment and for cotton at the WSREC site. For the latter, the standard deviation of simulated yields was approximately one-third the size of the observed standard deviation of cotton yields. We attribute this to several factors. First, each model is always a simplification of reality; a substantial amount of factors that may influence crop yield are not simulated by the model (e.g., pests, seedling emergence problems, micronutrient deficiencies, temperature at anthesis, fruit set, etc.). Second, our Monte Carlo analysis did not take into account variations in management (such as fertilization amounts or exact planting or harvesting dates). Integrating variations in management in an uncertainty analysis is challenging since crop and soil management are strongly correlated with weather. Finally, some processes are naturally stochastic. For example, the harvest index of cotton is very variable and unpredictable under water stress conditions. The DAYCENT model is deterministic and will therefore underestimate the variability associated with such processes. Although modeled variabilities were smaller than observed variabilities, the differences in observed variability among sites were well reflected by differences in modeled variability. For example, the variability of both observed and modeled SOC contents was highest at Field 74. This is attributed to the well-known considerable textural variability at this site (Lee et al. 2006 ), compared to the other sites. This correspondence between observed and modeled variabilities demonstrates that the DAYCENT model captures the most important sources of variability among sites, even if not all sources of variability are simulated.
Generally, simulated SOC values corresponded well with measured SOC values. The model explained between 69% and 87% of the variance in SOC, except for the Field 74 site, for which the explained variance was smaller. The model overpredicted SOC levels by ;10% for the cover-cropped treatment of SAFS and the organic treatment of LTRAS. Since the amount of C input (plant residues or manure) to the SOC was simulated correctly, DAYCENT slightly underestimated SOC decomposition rates, especially when C inputs were high. The variability of measured and simulated SOC values was substantial at Field 74, with coefficients of variation of ;25%. This variability is again attributed to the textural variability at this site (Lee et al. 2006) , but also to the smaller size and non-replicated nature of this experiment compared to the other experiments. The model simulated that conservation tillage did not increase SOC significantly at LTRAS, while significant SOC sequestration rates were modeled at WSREC (66 6 10 kg CÁha no-tillage system in a humid climate. However, most of these numbers are based on systems in which tillage is almost completely eliminated. In California systems, conservation tillage systems are still fairly intensive. In general, the number of tillage passes is halved in conservation tillage systems in California (Mitchell et al. 2007b (Mitchell et al. , 2009 ). In the Sacramento Valley, tillage passes are reduced from 10 to ;5 and in the San Joaquin Valley from 20 to 10. In addition, the intensity of an individual conservation tillage pass is smaller than the intensity of an individual conventional tillage pass. Compared to highly reduced tillage systems elsewhere, potential increases in SOC due to conservation tillage will be modest in California. In contrast to conservation tillage, adding a cover crop during the winter led to an increase in SOC of 220 6 65 kg C/ha at LTRAS, 577 6 21 kg C/ha at SAFS, and 752 6 10 kg CÁha À1 Áyr À1 at WSREC. These values are close to the mean SOC increase for no-tillage winter cover-cropping systems reported by Franzluebbers (2005) , 530 kg CÁha À1 Áyr À1 , and are somewhat greater than the 100-300 kg CÁha À1 Áyr À1 range reported by Lal et al. (1998) .
Simulated annual N 2 O fluxes are within the range reported by other authors, both for the absolute values (Table 4) and for the relative proportion of N 2 O to the total GHG flux (Bemis et al. 2006 ). The relatively small N 2 O flux for corn at SAFS (0.6 kg NÁha À1 Áyr À1 ) was related to the relatively low fertilizer rates at this site.
The model simulated that all conventionally managed systems had a positive net soil GHG flux, despite an increase in SOC, due to the dominance of N 2 O emissions. The conclusion that N 2 O emissions are dominating the greenhouse gas contribution of agricultural systems in California was also reported by Bemis et al. (2006) . They found that N 2 O emissions accounted for a net flux from the soil to the atmosphere. Carbon dioxide equivalents is a quantity that describes the amount of CO 2 that would have the same global warming potential as a given mixture of greenhouse gases. For N 2 O, a radiative forcing constant of 296 was used; for CH 4 , a radiative forcing constant of 23 was used. Standard errors of the group mean are based on a mixed ANOVA model; the standard error tests the null hypothesis of whether the absolute value is equal to zero. Proportions of the standard error are those that are due to differences among different seasons rather than differences among the replicates within the season, based on a mixed ANOVA model. For example, 74% of the standard error of 46 is due to seasonal differences for the standard tillage SOC effects at LTRAS. Site abbreviations are: LTRAS, the Long-term Research on Agricultural Systems project; SAFS, the Sustainable Agriculture Farming Systems project; WSREC, West Side Research and Extension Center experiment.
50% of the total net soil GHG flux. Modeled average daily N 2 O fluxes over time are within the range of measured values from Field 74 (Fig. 3) . However, during the spring (May-June) of 2004, the model clearly underestimated N 2 O emissions in the conservation tillage treatment. We attribute this to the increase in bulk density and an associated decrease in pore space over time in the conservation tillage system (Lee et al. 2006 ). The DAYCENT model does not simulate compaction or loosening of the soil, and bulk densities are assumed to remain constant during the experiment. Modeled N 2 O emissions in this period were underestimated as they were based on a smaller bulk density than the actual value. The apparent variability of N 2 O emissions was not at all times accurately estimated using DAYCENT. We attribute this to the limited representation of the mechanisms involved in N 2 O emissions within the model rather than an incorrect representation of the variability of the input data. A solitary peak of emission in the spring of 2006 (22 May), occurring in both the standard and conservation tillage treatments, could not be simulated. The measurement error around this peak was quite large (30 6 46 and 76 6 83 g NÁha
À1
Ád
À1 in the standard and conservation tillage treatments, respectively). This peak occurred a day after a mild rain (7 mm) during the growth of the chickpea crop, to which no fertilizer was applied. Since the rainfall was very mild and occurred after a dry period of 20 days, DAYCENT could not model the resulting short-term soil saturation conditions which, most likely, triggered the peaks in N 2 O emissions.
The simulated difference in net soil GHG flux mitigation potential of alternative practices compared to conventional practices (Table 6 ) was the smallest or even insignificant for conservation tillage (336 6 47 and 550 6 123 kg CO 2 -eqÁha À1 Áyr À1 ), followed by cover cropping (1072 6 272, 2201 6 82, and 2499 6 47 kg CO 2 -eqÁha À1 Áyr À1 ) and the greatest under manure application (4577 kg CO 2 -eqÁha À1 Áyr À1 ). The large difference in net soil GHG flux after manure application is explained by the significant amount of organic carbon that is added to the system every year. Manure application is a much more effective way of increasing soil carbon content compared to conservation tillage or cover cropping. However, not only should the total mitigation potential be of interest, it is also important to know how much of the total reduction is attributed to increases in soil C vs. reductions in N 2 O fluxes. The capacity of a soil to store C is limited (VandenBygaart et al. 2002 , Six et al. 2004 , and if the proper soil management is not maintained, all or part of the sequestered C will be eventually released again to the atmosphere. In contrast, reductions in N 2 O emissions are permanent (VandenBygaart et al. 2004 , Smith et al. 2007 ). We found that although N 2 O was typically the most important gas contributing to the total net soil GHG flux (Table 5) , changes in SOC were key to achieving a negative net soil GHG flux for mitigation potentials of alternative practices (Table 6 ). For example, cover cropping at LTRAS decreased the net soil GHG flux by ;1072 6 272 kg CO 2 -eqÁha . The model simulated that soil The effect of low-input management and manure application is calculated only based on values from the standard tillage treatment, since the standard tillage treatment has been implemented for a longer time.
mineral N levels were higher for the cover-cropped treatments than the non-cover-cropped treatments during late spring (before planting) and during the decomposition of crop residue during the fall. The higher mineral N levels led to greater nitrification and denitrification during these periods in the cover-cropped treatments.
We found that year-to-year differences in weather or management dominated the total variance around predictions of annual net soil GHG flux. Consequently, an error analysis of predicted GHG mitigation potentials will have to take interannual variability into account. It can be expected that the error in estimating GHG mitigation related to interannual differences will decrease with the duration of the practice. Therefore, a sound quantification of this error is necessary to determine the contract duration and the risks associated with short-term vs. long-term adaptation of alternative practices for mitigation of GHG emissions. To extrapolate these results to a regional scale, it will be necessary to simulate GHG fluxes across a range of soils, land uses, and climates based on a calibrated model such as the one presented here. Such a simulation will also have to quantify the error around the predicted mitigation potentials.
In conclusion, the results from this study suggest that the potentials for GHG mitigation by implementing alternative agricultural practices are smallest for conservation tillage, larger for winter cover cropping, and the greatest for organic inputs (cover crops þ manures). Within the limitations discussed here, the calibrated DAYCENT model can be used as a tool to forecast GHG fluxes in the alternative cropping systems in California, but only when combined with a rigorous error analysis.
